Abstract. Metabonomics study provides a comprehensive metabolic profile of biological samples using techniques like mass spectroscopy and nuclear magnetic resonance (NMR) spectroscopy. The metabolites identified are later analysed using multivariate statistical methods. Metabonomics has the potential to provide putative biomarker/s for disease diagnosis and for monitoring the disease progression and can be used in patient management. Recently, a few metabonomics studies have been reported on blood sera, urine and intestinal mucosal biopsies of celiac disease (CeD) patients using proton NMR. Significantly decreased levels of amino acids, methylamine, lactate, lipids, pyruvate, creatinine, choline and glycoprotein and increased levels of glucose and β-hydroxybutyrate have been reported in blood sera of CeD patients. In intestinal mucosal biopsies of CeD patients, a higher concentration of isoleucine, leucine, aspartate, succinate and pyruvate and lower concentration of glycerophosphocholine was seen as compared to controls. These studies indicates that the metabonomics study of CeD using in-vitro NMR spectroscopy helps in the determination of metabolic signature/s of the disease. It also provides an insight into the biochemistry of the disease and also helps in the identification of metabolites that could serve as putative biomarker/s for the diagnosis of CeD. This review focuses on the application of NMR based metabonomics in CeD and highlights the potential of NMR based metabonomics in the identification of biomarker/s for diagnosis and prognosis.
Introduction
Metabonomics is a systematic investigation of the multiple metabolic changes in response to environment, pathophysiological stimuli and genetic modulation [29] . It provides comprehensive metabolic profiling of low molecular weight metabolites present within a living system using spectroscopic techniques combined with multivariate analysis. The primarily used techniques for metabonomic studies are: (i) mass spectroscopy (MS) combined with gas chromatography (GC) or liquid chromatography (LC); and (ii) NMR spectroscopy. In modern metabonomics studies, these techniques are often integrated with multivariate data analyses to identify the biochemical changes associated with specific physiological and
Pathophysiology of celiac disease
As previously described, CeD is triggered by dietary ingestion of gluten and related prolamines, which are the main storage protein in several cereals such as wheat, barley and rye in genetically susceptible individuals. Gluten is a complex mixture of gliadins and glutenins, which contain CeD activating peptides [13] . Of these, gliadin peptides play a key role in the development of CeD. The amino acids, proline and glutamine are predominant in gliadin peptides and make these proteins highly resistant to proteolytic degradation. The incomplete proteolytic degradation leads to the accumulation of large peptides in small intestine. These large peptide fragments evoke both innate as well as adaptive immune responses in genetically susceptible individuals [42] . Further, tissue transglutaminase (tTG) enzyme plays a key role in the pathogenesis of CeD by causing deamidation of glutamine and converting it to glutamate in gliadin peptides [27] . These deamidated gliadin peptides have increased affinity for HLA-DQ2 or HLA-DQ8 molecule which is relevant in the pathogenesis of CeD [41] . The complex formed from gliadin peptides and HLA-DQ2 or HLA-DQ8 activates the T-cells present in the lamina propria which mediate adaptive immune response through the production of cytokines and consequently leading to inflammation of the intestine [39, 41] . T cells produce interferon (IFN)-γ which is considered to have an important role in mucosal damage [30] . Further, the gliadin peptides which are not recognized by T-cells activate the innate immunity. The innate immune response is characterized by increased production of interleukin (IL)-15, a major pro-inflammatory cytokine that promotes inflammatory reactions and causes mucosal damage [24, 25] .
Experimental considerations of in-vitro NMR metabonomics

Samples
Versatility of in-vitro high-resolution NMR spectroscopy based metabonomic studies is that experiments can be performed on a variety of biological samples including biopsied tissue samples and a number of biofluids like blood, urine, cerebrospinal fluid, seminal plasma etc. Biofluids are widely studied using NMR spectroscopy due to their easy accessibility. Detailed experiment aspects of 1 H NMR spectroscopy used in metabonomic studies have recently been reported [2, 15] . Brief details of the sample preparation protocol for NMR metabonomics studies of body fluids such as blood, urine and intestinal mucosal biopsies with special reference to CeD is presented in the following section.
Preparation of body fluids: Blood plasma and urine
Blood. Blood samples were generally collected during morning pre-prandial in a pre-chilled vacutainer after overnight fasting. For collection of blood plasma, heparin vacutainer need to be used while SST (serum separating tubes) vacutainer tubes were used for serum collection. This is followed by centrifugation to separate plasma or serum and were stored frozen (−20°C or lower) until NMR analyses. For 1 H NMR spectroscopy, deuterium oxide, tri-methyl-silyl-propionate (TSP) and sodium formate was added to the blood plasma or serum sample. TSP at δ 0.0 ppm was used as a chemical shift reference while formate at δ 8.46 ppm was used as concentration standard for the proton NMR studies.
Urine. Morning pre-prandial urine was usually collected in sterile collection cups and immediately frozen in liquid N 2 and stored frozen (at −20°C or lower). For 1 H NMR experiments, urine samples were mixed with deuterium oxide and the pH of the samples was adjusted to 7.4 with sodium phosphate buffer in order to minimize pH variation among samples. TSP (0.5 mM) and sodium azide (3 mM) was also added to the sample. TSP is used both as a chemical shift reference and concentration standard and sodium azide to inhibit bacterial infestation.
Preparation of mucosal biopsies sample
Generally, intestinal mucosal biopsies were taken from folds in the third part of duodenum of patients undergoing esophagogastroduodenoscopy. For in-vitro 1 H NMR spectroscopy, biopsy samples need to be snap frozen immediately in liquid nitrogen to cease any metabolic activity and then stored frozen for further analysis. The procedures which were commonly used for tissue extraction were: (i) perchloric acid method which was used to extract water-soluble metabolites, and (ii) chloroform and methanol method to study lipid-soluble metabolites.
Perchloric acid extraction
The frozen tissue was homogenized in 6% perchloric acid [32] . The homogenate was centrifuged, the supernatant was collected and pH of the supernatant was adjusted to pH 7.0 by using potassium hydroxide and the precipitated perchlorate salts was removed by centrifugation. The resultant supernatant was then lyophilized and the tissue powder was stored at low temperature until NMR spectroscopy was performed.
Chloroform methanol extraction
This is a dual-phase extraction procedure which allows the simultaneous assessment of both water soluble and lipid soluble metabolites [2] . Frozen tissue was weighed and homogenised with methanol and water. Chloroform and water were added to the homogenate followed by vortexing. The sample was centrifuged that resulted in separation of the two phases. Lipids were present in lower chloroform phase while upper methanol aqueous phase contains water soluble small molecular weight metabolites. Nitrogen gas stream was used to flush out the solvent and then the sample was stored at low temperature. For 1 H NMR spectroscopy, the resulting tissue powder was dissolved in a suitable solvent. Deuterium oxide was preferred for the hydrophilic molecules and for hydrophobic molecules, deuterated chloroform was used. TSP was added to the sample that served both as a chemical shift reference and concentration standard for proton NMR studies.
Preparation of faecal samples
A detailed procedure for faecal sample preparation for NMR spectroscopy analyses is given in [14] . Briefly, faecal samples collected in sterile plastic container are immediately mixed (1:1 wt/wt) with the Amies Transport medium (Oxoid LTD, Basingstoke, Hampshire, UK) under anaerobic conditions and stored frozen for NMR analyses [14] . For 1 H NMR spectroscopy, samples are thoroughly homogenized with cold deuterium oxide (D 2 O) by vortexing. The resultant mixture is centrifuged; supernatant collected for 1 H NMR spectroscopy using 1 mM TSP as an internal standard for chemical shift reference.
Data analysis
Quantification of metabolites
In NMR, each metabolite gives rise to distinct resonance peak from which the concentration of metabolites can be determined. Thus, the metabolites present in specimens from intestinal mucosa, blood plasma and urine can be quantified. The intensity of the NMR signal is directly proportional to the concentration of metabolite and the number of protons corresponding to that peak. Thus, the concentration of metabolite is calculated by comparing the integral area of metabolite with the integral area of reference compound using the formula [37] .
For tissue sample
For blood and urine
where C B -concentration of reference compound, C A -concentration of the metabolite to be determined, N B -number of protons in the in the reference compound, N A -number of protons in the peak of the metabolite to be determined, A B -intensity of the reference compound, A A -intensity of the metabolite, V S -volume of the sample, W S -wet weight of the sample.
Statistical analysis: Univariate and multivariate methods
NMR spectrum contains enormous amount of data from samples. Biological information from such a large datasets is retrieved by means of univariate and multivariate statistical methods [9, 23, 36] .
Univariate analyses
Univariate is the simplest method of analysing the NMR data by comparing a single variable at a time. Commonly used methods are t-test and analyses of variance (ANOVA) [26] together with their corresponding nonparametric versions [18] and with appropriate correction methods for multiple testing [8] .
Multivariate analyses
Multivariate methods used for the analyses of dataset that contain large number of variables. These variables may be correlated to each other and their statistical dependence is taken into account during the analyses. Multivariate analyses utilises the application of various data reduction, pattern recognition, and clustering algorithms. These are grouped into two major classes: unsupervised and supervised algorithms.
Unsupervised statistical analyses methods include principal component analyses (PCA) [21] and hierarchical clustering [22] . PCA is a mathematical method that transforms the high dimension dataset into the low-dimension by reducing the number of variables. The small dimension of original dataset can be used to explore the correlations between the datasets, where as cluster analysis is used for classifying data into several subsets (clusters) so that the data in the same cluster contain observations with same features. These clusters are created on the basis of distance and probability.
Multiple regressions or partial least squares regression and discriminant analyses (PLS-DA) [43] , random forest [6] and support vector machines [12] are supervised methods used for analysing the metabonomics data. Multiple regression method allows the prediction of one variable on the basis of other variables where as PLS-DA combines the features of both PCA and multiple regressions. PLS-DA predicts a set of dependent variable extracted from a set of factors which have the best predictive power. Support vector machines and random forest are machine learning techniques that are also used in metabonomics. For more details, readers may refer to review on the multivariate analyses methods [5] .
NMR metabonomics in celiac disease
NMR based metabonomics coupled with multivariate statistical analyses provides an opportunity to identify changes in biological specimens such as serum, plasma and urine which may be linked to pre-morphological and biochemical changes associated with the disease and thus could provide early indication of disease pathology. NMR profiling of biological samples thus enables the determination of metabolic signatures of the disease which may help in understanding the biochemistry of the disease and may eventually lead to identification of biomarker/s which will be of great value in clinical medicine [29] . Figure 1 shows the 1 H NMR spectra of perchloric acid extract of intestinal mucosal biopsy, blood plasma and urine obtained from patient with CeD acquired in our laboratory at 700 MHz. Figure 2 shows the representative example of 1 H 2D total correlation spectroscopy (2D TOCSY) of the perchloric acid extract of intestinal mucosal biopsy sample from a patient with CeD. Several metabolites such as sugars, amino acids, membrane compounds, lipids, organic acids were observed in NMR spectra. Ile -isoleucine; Val -valine; β-OHB -β-hydroxy-butyrate; Lac -Lactate; Ala -alanine; Lys -lysine; Arg -arginine; Aceacetate; Glu -glutamate; Gln -glutamine; Acet -aacetoacetate; Succ -succinate; Cit -citrate; DMA -dimethyamine; Aspaspartate; Cr -creatine; PCr -phosphocreatine; His -histidine; Cho -choline; GPC -glycerophosphocholine; Tau -Taurine; Gly -glycine; Glc -glucose; mI -myo-inositol; Crn -Creatinine; PE -phosphoethanolamine.
urine and intestinal mucosal biopsy of patients with CeD disease. Table 2 summarises the studies reported on CeD using NMR spectroscopy of intestinal mucosal biopsy and biofluids such as blood and urine.
Blood
Only a limited number of metabolomic studies of body fluids have been reported on CeD (see Table 2 ). Bertini et al. reported the metabolome of serum samples of treatment naïve CeD patients, patients on gluten free diet (GFD), and healthy controls using 1 H NMR spectroscopy [4] . This study revealed that the characteristic metabolic fingerprint can be defined for CeD patients that is mainly related to three components: (i) malabsorption, (ii) energy metabolism, and (iii) gut microflora or intestinal permeability. The lower levels of several metabolites such as amino acids (asparagine, isoleucine, methionine, proline, valine), pyruvate, creatinine, lipids, lactate, and choline, and increased levels of glucose and ketone bodies such as 3-hydroxybutyric acid were reported in the sera of CeD patients as compared to healthy controls [4] . The higher level of glucose and reduced level of pyruvate and lactate in sera of CeD patients Abbreviations used: Leu -leucine; Ile -isoleucine; Val -valine; Lac -Lactate; Ala -alanine; Lyslysine; Arg -arginine; Glu -glutamate; Gln -glutamine; Pro -Proline; Cit -citrate; Asp -aspartate; Cr -creatine; ProProline; His -histidine; Phe -phenylalanine; Cho -choline; GPC -glycerophosphocholine; Tau -Taurine; Glc -glucose; Fruc -fructose; mI -myo-inositol; PE -phosphoethanolamine; GTP -guanine-tri-phosphate. Bernini et al. [3] Blood serum, urine
CeD patients (n = 61), HC (n = 51), potential CeD patients (n = 29)
Serum: Metabolic profile of blood serum of potential celiac subjects is similar to CeD patients, characterised by lower level of amino acids and increased level of glucose and β-hydroxybutyric acid.
Metabolic abnormalities precede the villous atrophy
Urine: Potential celiac subjects have lower level of hippurate, indoxyl sulphate, meta hydrophenylpropionic acid and phenyacetylglycine compared to CeD patients Rezaei-Tavirani et al. [33] Blood serum CeD patients (n = 15), patients on GFD (n = 15), HC (n = 29)
Lipid and lactate are decreased while choline is increased in CeD patients as compared to controls Lipid, lactate and choline can be used as biomarker to differentiate between CeD patients, patients on GFD and healthy controls Fathi et al. [17] Blood serum CeD patients (n = 26), Crohn's disease patients (n = 26)
Isoleucine and lactate are lower in CeD compared to Crohn's disease Revealed differentiating metabolites for Crohn's disease and CeD Di Cango et al. [14] Urine, faeces Treated CeD children (n = 19), HC (n = 15)
Urine: Urine samples of treated CeD children are characterised by higher levels of lysine, arginine, creatine and methylamine and lower level of glucose, glutamine and carnosine compared to healthy children.
Changes are associated with intestinal microflora modifications
Faecal sample: Tyrosine, proline, asparagine, histidine and methionine are higher in faecal sample of treated CeD children compared to healthy children Villous atrophy associated with decreased absorptive surface results in malabsorption of amino acids which are consequently lost with stool Notes: CeD -Celiac disease, HC -Healthy controls, GFD -Gluten free diet.
were due to impairment of glycolysis. Further, the sera of CeD patients is characterised with lower level of lipids which was attributed to enhanced lipid β-oxidation and malabsorption. Also, it was reported that CeD patients used ketone bodies as energy source and therefore, increased level of 3-hydroxybutyric in blood and acetoacetate were seen in urine. It was suggested that utilisation of ketone bodies may probably be the cause of chronic fatigue seen in CeD patients as the energy generation through this pathway is less efficient compared to energy generation through glucose. The most interesting finding of the study was that the metabolic profile including levels of glucose and β-hydroxybutyrate of CeD patients normalises after the 12 months of strict GFD [4] .
A subsequent study by the same group reported the metabolic profile of blood and urine samples of potential CeD patients using 1 H NMR spectroscopy [3] . Potential CeD patients are those subjects who have positive serology but histological findings of intestine show no evidence of intestinal damage. Interestingly, the metabolic profile of sera of potential CeD patients was similar to that of CeD patients [3] . The various metabolites such as amino acids, creatinine, lipids and glucose were significantly different in the sera of potential CeD patients as compared to healthy controls. It was reported that glycolytic pathway was also impaired in potential CeD patients as it was seen in CeD patients [3] .
Further, Rezaei-Tavirani et al. analyzed the serum samples of CeD patients, patients on GFD and healthy control using 1 H NMR combined with chemometric analysis [33] . It was documented that the metabolites such as lipid, lactate and choline can be used as putative biomarker/s to differentiate between CeD patients, patients on GFD and healthy controls. Another study also revealed significantly lower level of lactate, valine and lipids in serum of CeD patients compared to healthy controls [16] .
In another study by the same research group compared the metabolic profile of blood serum of patients with CeD and Crohn's disease using 1 H NMR [17] . Crohn's disease is an inflammatory disorder which affects the small intestine and share many symptoms with CeD. This study reported that lactate and isoleucine were lower in concentration in CeD compared to patients with Crohn's disease.
Urine
Urine is another important biofluid that gives important information on altered biochemistry related to disease processes. Elevated levels of meta-hydroxyphenyl-propionic acid, indoxyl sulphate, and phenylacetyglycine were seen in the urine samples of patients with CeD in comparison to healthy controls [4] . These metabolites are known to be related to gut microbiota, suggesting that there is an alteration in gut microflora of small bowel of CeD patients [4] . Further the same group documented dissimilarity in biochemical profile of urine samples between CeD patients and the potential CeD patients. The authors concluded that the alterations in the metabolic profile may occur prior to intestinal damage.
Intestinal mucosa
Till date there is only one in-vitro 1 H NMR study of intestinal mucosal biopsies in patients with CeD [38] . The study showed significantly higher concentration of several metabolites such as pyruvate, succinate, leucine, isoleucine and aspartate and decreased level of glycerophosphocholine in intestinal mucosa of patients with CeD in comparison to controls with non-CeD conditions such as dyspepsia and gastroesophageal reflux disease in whom intestinal mucosa appeared normal [38] . Elevated levels of amino acids in intestinal mucosa of patients with CeD may be due to decreased utilisation of amino acids as energy substrates. Also the results suggested that elevated level of aspartate in intestinal mucosa may lead to deficiency of aspartate for urea cycle in liver and thus may contribute to liver abnormalities associated with CeD. Furthermore, the significantly higher concentrations of pyruvate and succinate in intestinal mucosa of patients with CeD in comparison to controls suggests abnormality in glycolysis metabolic pathway and Kreb's cycle, thus leading to energy deficiency in CeD [38] .
Metabonomics after gluten free diet
Few studies have reported the metabonomics of CeD patients after gluten free diet using serum, urine and faeces samples [4, 14] . Bertini et al. reported that the metabolic profile including levels of glucose and beta hydroxy butyrate of CeD patients revert to normal value after 12 months of strict GFD [4] .
Di Cango et al. [14] reported differences between the metabolic profiles of faeces and urine of treated CeD and healthy children using a combination of 1 H NMR and GC-MS. The levels of free amino acids were identified using NMR spectroscopy whereas the volatile organic compounds and short chain fatty acids were identified using GC-MS in urine and faeces samples [14] . A higher level of tyrosine, methionine, proline, aspargine and histidine were reported in faecal samples of treated children with CeD compared to healthy children. Significantly higher concentration of lysine, arginine, creatine and methylamine and lower concentration of carnosine, glucose and glutamine were observed in urine in children with CeD who were on GFD. The study reported that microbiota and metabolome of CeD children cannot be fully restored even after the two years of gluten free diet [14] .
Conclusion
This review presented an overview on the major findings in 1 H NMR spectroscopy for the evaluation of putative biomarker/s for diagnosis and prognosis of CeD. NMR spectroscopy is a useful technique and can be performed on various biological samples such as blood, urine, faeces samples, tissues, etc. which help in the identification of several metabolites that may provide biomarker/s. The method is reliable and less expensive than which are presently used. Furthermore, it is expected that metabonomics methodology when combined with other complementary approaches such as proteomics and genomics may provide in-depth understanding of the pathophysiology of CeD, which could lead to the discovery of biomarker/s for CeD.
